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Abstract 
A method of measuring the orbital velocity of the Moon around the Earth using a digital 
camera is described. Separate images of the Moon and stars taken 24 hours apart were 
loaded into Microsoft PowerPoint and the centre of the Moon marked on each image. 
Four stars common to both images were connected together to form a ‘home-made’ 
constellation. On each image the Moon and constellation were grouped together. The 
group from one image was pasted onto the other image and translated and rotated so that 
the two constellations overlay each other. The distance between the Moon centres in 
pixels was converted into a physical distance on the CCD chip in order to calculate the 
angular separation on the sky. The angular movement was then used to calculate the 
orbital period of the Moon. A metre rule was photographed from a known distance in 
order to calculate the physical size of the CCD pixels. The orbital period of the Moon 
was measured as 27.1 days, which is within 0.7% of the actual period of 27.3 days. 
 
 
Introduction 
We can ascertain the period of the Moon’s orbit around the Earth by taking a photograph 
of the Moon at the same time on two consecutive nights.  However, we need to take into 
account that a given star rises approximately 4 minutes earlier each night. A star arrives 
at the same point in the sky in relation to the Earth every 23 hours, 56 minutes and 4.091 
seconds, an interval of time known as the sidereal day. The Earth orbits the sun once 
every 365.24 days and so in each 24 hour period the stars move about 1° relative to the 
Earth. In a year they rotate 360° around the Earth and arrive back at the same position. 
 
Therefore if two images are taken of the Moon on two consecutive nights 23 hours and 
56 minutes apart (figure 1), the movement of the Moon against the fixed stars will only 
be due to the motion of the Moon around the Earth. No parallax will exist since the fixed 
stars are in exactly the same position as the night before. However, we need to make the 
assumption that the Earth-Moon distance is approximately constant over a 24 hour 
period. 
 
The Moon does not in fact orbit around the centre of the Earth, but rather both the Moon 
and Earth orbit around the common centre of mass called the barycentre. Since the Earth 
is about 87 times more massive than the Moon, the Earth-Moon centre of mass is much 
closer to the centre of the Earth than the centre of the Moon. In fact, the centre of mass 
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lies between the centre and surface of the Earth.  The Moon and the Earth move in 
elliptical orbits about the barycentre centre of mass opposite each other, and so the Earth-
Moon distance is continuously varying. The mean distance of the Moon from the Earth is 
384 400 km - the point of closest approach (perigee) is 363 300 km and the furthest point 
(apogee) is 405 500 km.  Therefore, in accordance with Kepler’s laws, the orbital 
velocity of the Moon is not constant. The Moon speeds up as it approaches the Earth and 
slows down when further away.  The orbital period of the Moon about the Earth is 27.3 
days.  However, by measuring the orbital period by photographing the Moon against the 
fixed stars, an orbital period close to this value will only be obtained on two days in the 
lunar month. At other times longer and shorter periods will be measured. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The difference in the position of the Moon relative to the fixed stars in two images taken one 
sidereal day apart enables the rotation period of the Moon around the Earth to be measured (not to scale). 
 
 
A challenge in this experiment is to obtain an image of the bright Moon against the much 
dimmer stars. The magnitude (see Appendix A) of the full Moon is -12.7, which is about 
400,000 times dimmer than the midday sun (magnitude of -26.7).   A star of magnitude 3, 
about midway between the brightest and the dimmest star that can be seen with the 
human eye is 2.51215.7 = 1.9 million times dimmer than the full Moon. The dynamic 
range of a 16-bit CCD detector is 216 =  65 536, which is not enough by a factor of 1.9 
million divided by 65 536 ≈ 30.  This makes it impossible to take a photograph of the 
Moon and the stars using the same exposure1. A solution to this problem is to take 
separate photographs of the Moon and stars with the camera pointing at the same position 
in the sky. Care must be taken to ensure that the photograph of the Moon is not saturated. 
                                                
1 This incidentally explains why stars are not seen in the photographs taken on the Moon by the Apollo 
astronauts 
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If it is, then blooming may occur, in which charge from saturated pixels leaks into the 
surrounding pixels, making the image of the Moon appear to cover a larger area than it 
should. This is seen in figures 3 and 4, where the image of the Moon on the long 
exposure images is much larger than the actual size of the Moon. 
 
Method 
A Canon S45 digital camera was used to obtain the images in this experiment. The 
camera was placed on a tripod and connected to a computer using a USB cable. A 
program called Remote Capture, supplied with the camera, was used to control the 
camera, i.e. vary the exposure time, aperture and focus.  
 
Measuring the CCD pixel size 
To measure angles on the sky, the physical size of the pixels on the camera CCD must be 
calculated. In this case, a meter rule was photographed at a known distance (5.39 m) from 
the camera using three zoom (focal length) settings. When a camera is optically zoomed, 
the focal length of the lens varies. In the case of the Canon S45, the actual focal length at 
the time of exposure is recorded in the image header file.  The pixel size can be 
calculated as shown in figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We define the following symbols: f is the focal length of the lens, x the physical distance 
of a point on the image from the centreline, d the distance along the centreline to the rule, 
r the distance from the centreline to a point on the rule, n the number of pixels from the 
centreline and s the pixel size. 
Figure 2.  Measuring pixel size. See text for definitions. 
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Then 
 
 
 
 
Thus, 
 
 
 
Example calculation of pixel size 
The first step is to obtain the image coordinates for the left and right sides of the metre 
rule, and then calculate the length (r) of the rule in pixels using the formula  
 
 
 
 
 
 
 
 
 
 
 
 
 
The camera field of view, which is not actually required in the calculation of the orbital 
period but is useful to know when deciding which focal length to use to capture images, 
is calculated as follows: 
 
 
 
where w is the width of image in pixels (in this case the image dimensions for the digital 
camera image are 2272 × 1704). The physical pixel size is of course a constant. The pixel 
size data are shown in table 1.  The mean pixel size was 3.05 µm.  
 
f (mm) n s (µm) FOV (°) 
7.1 223.1 2.95 54.0 
12.3 373.2 3.06 32.3 
21.3 626.8 3.15 19.2 
 
Table 1. Data required to calculate the physical dimensions of the CCD pixels. 
 
Photographing the Moon and stars 
The camera was set up on a tripod and the Moon placed in the centre of the field of view. 
Experimental images were taken to ascertain the best exposure for obtaining the outline 
of the Moon and the stars. An exposure of 1/500 s was found to be best for the Moon and 
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an exposure of 10 s for the stars. Separate images of the Moon and stars were acquired 24 
hours apart.  
 
Analysis 
The Moon images, i.e. the images with a 1/500 s exposure, were loaded into PowerPoint 
and the position of each Moon marked using a crossed ‘Auto Shape’ circle as shown in 
figure 3. Microsoft Photo Editor was used to adjust the contrast of the 10 s star images so 
that the stars could be seen. Both star images were examined and four common stars 
identified, i.e. stars that can be clearly seen in both images. On each image the stars were 
connected with a line, effectively producing a ‘home-made’ constellation. The 
constellation was drawn on each image using a different colour to enable easier 
identification. The Moon outlines were copied and pasted into the associated star images, 
i.e. the Moon outline from the first night was copied onto the star image from the first 
night.  On each image the Moon outline and ‘constellation’ were grouped together. The 
combined Moon-constellation from one image was transferred to the other image and 
shifted and rotated until the two constellations were superimposed (figure 4). 
 
The next step was to measure the image coordinates of the centres of the two Moon 
outlines. To do this the image with the co-registered Moon-constellations was saved in 
JPEG image format and transferred to a program able to display image coordinates. In 
this case Microsoft Photo Editor was used, but any other program which shows image 
coordinates could have been used (e.g. Microsoft Paint). In the case described here a 
conversion factor had to be calculated to compensate for the fact that the JPEG image 
generated by PowerPoint did not have the same pixel dimensions as the original image.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. One of the star images with the constellation marked and lunar centre copied from the Moon 
image. 
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Figure 4. The Moon-constellation groups overlaid. The angular separation of the lunar centres (crossed 
circles) is used to calculate the orbital period. (The bright object to the bottom right of the ‘upper’  Moon  is 
Mars). 
 
The conversion factor was used to convert the distance between the two Moon centres in 
‘PowerPoint’ pixels to ‘original image’ pixels.  The final step was to convert the original 
image pixel distance into a physical distance using the CCD pixel size (3 µm). 
 
Results 
Measurements taken from figure 4 showed that the Moon moved 233 pixels in a 24 hour 
period. Since the PowerPoint images (960 × 720) are smaller than the original image 
(2272 × 1704), the 233 pixel shift needs to be scaled up as follows: 
 
 
 
 
 
The final step is to multiply this value by the physical size of the pixels and convert to an 
angle: 
 
 
 
 
 
where w1 is the width of the digital camera image and w2 is the width of the PowerPoint 
image. 
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The actual orbital period (really the orbital period measured in a 24 hour period) is 
 
 
 
 
This figure is 0.7% less than the actual period of 27.3 days.   
 
Discussion 
The results show that a digital camera can be used to measure the orbital period of the 
Moon within a fair degree of accuracy. Using Kepler’s third law and the apogee and 
perigee distances, we can calculate that the expected variation in the orbital period 
measured from night to night will be ~ ± 5% of the actual period. The exercise described 
in this article could be extended, for example, students could acquire images on several 
nights and measure the variation in orbital velocity. 
 
The technique described in this article requires the use of a computer program that 
enables connected lines to be drawn over a digital image and manipulated. Two other 
programs that can be used beside Microsoft PowerPoint are Adobe Illustrator and 
CorelDraw. 
 
The experiment in described in this article is one of the experiments available in a third-
year experimental physics unit at QUT, Brisbane. In this case students are expected to 
calculate the errors involved. However, the basic measurements could be performed at 
high school level. Up until a year ago most students borrowed a departmental digital 
camera to photograph the Moon and stars, but since digital cameras are now readily 
available most students either use their own or borrow a digital camera from a family 
member or a friend. The increasing availability of digital cameras makes it easier for 
several students to do the exercise at the same time. One problem with the exercise is that 
in some parts of the world it can be difficult to obtain the required images on two 
consecutive nights. This is especially true during the summer months in Brisbane.  
 
A tripod or some other means of stabilising the camera is essential. Cameras that can be 
controlled by a computer are ideal since the exposure settings can be changed without 
physically touching the camera. If computer control is not available then the next best 
thing is remote control so at least the camera is not touched during an exposure. If the 
exposure settings cannot be changed by remote control, care must be taken to ensure that 
the camera does not move between exposures to ensure that the Moon and stars are co-
registered. 
 
In this article a manual method of aligning the constellations has been described. 
However, it is possible to perform the calculations without using a drawing package. This 
can be done by using a graphics program (e.g. Microsoft Paint) to obtain stellar and lunar 
coordinates and then calculate the transformation required to overlay the constellations. 
The same transformation is then applied to the Moon. Appendix B describes the 
transformation method in more detail. 
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Appendix A 
Magnitude is a measure of the relative brightness of a star. The brightest star in the sky 
(after the Sun) is Sirius, which has a magnitude of -1.4. The dimmest stars that can only 
just be seen by eye in good conditions have a magnitude of +6. The magnitude scale is 
logarithmic and defined so that a difference of five magnitudes covers a factor of 100 in 
brightness. Therefore each difference of one magnitude corresponds to a difference in 
brightness of 2.512 since (2.512)5 = 100. A 5th magnitude star is 2.512 times brighter 
than a 6th magnitude star. The magnitude difference between two stars is defined as m2 - 
m1 = 2.5 log(b1/b2).  
 
Appendix B 
This section describes how to calculate the angular shift of the Moon against the fixed 
stars without needing to manually superimpose constellations. We need to calculate the 
translation and rotation required to superimpose the constellations, and then apply this 
translation and rotation to the coordinate of the Moon on the first image. 
 
(1) The first step is to use a program such as Microsoft Paint to acquire the image 
coordinates of the constellation as seen on the two images. The coordinates obtained from 
the images shown in figures 3 and 4 are listed in table 3. 
 
(2) The second step is to calculate the angle required to rotate one constellation onto 
another. We can do this by calculating the direction cosines of the lines joining the first 
pair of stars in each constellation (figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The angle between constellations is found by effectively translating the ‘first’ constellation star 
on one image onto the first constellation star of the other image.  The rotation angle required to align the 
constellations is the angle between the lines joining the first pair of stars on each constellation. 
 
 
Direction cosines are calculated as follows.  With the notation shown in figure 6, 
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``` 
 
 
 
 
 
 
 
Figure 6. Triangle for calculating the direction cosine of a line joining two points. 
 
 
where  are the x direction cosines for constellations 1 and 2 respectively,  are 
the y direction cosines for constellations 1 and 2 respectively. 
 
This process can be repeated with other pairs of stars in the constellation and the average 
rotation angle used to calculate the movement of the Moon. The rotation matrix required 
to perform a two dimensional rotation is 
 
 
 
 
 
where are the coordinates of the transformed point. This is a shorthand description 
of 
 
 
 
 
(3) The next step is to apply the calculated rotation to one of the constellations and check 
that the stars in the two constellations are superimposed. However, superimposition 
won’t be perfect due to slight errors in marking the coordinates and calculation rounding 
errors in the calculation. The process involves translating a star from one of the 
constellations onto the image origin, rotating about the origin and then translating it back 
so that it is superimposed on the other constellation. The steps are outlined in figure 7. 
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Figure 7. The process of superimposing one constellation onto another. 
 
(4) The final step is to apply the transformation to the coordinates of the Moon on one 
image so that is lies in the same reference frame as the other image. 
 
Transformation calculation using the data obtained in this experiment 
Microsoft Paint was used to obtain the coordinates of stars and Moon coordinates for the 
two images (table 2). 
 
 Image 1 Image 2 
 x y x y 
Star 1 409 263 598 89 
Star 2 625 305 819 85 
Star 3 1002 882 1309 579 
Star 4 902 1009 1238 725 
Moon 769 476 755 581 
 
Table 2. Coordinates of stars and Moon coordinates for the two images. 
 
The angle between the constellations was calculated using Microsoft Excel using three 
pairs of stars (1,2; 1,3 and 1,4). The section of the spreadsheet used to calculate the 
rotation angle using stars 1 and 2 of the constellation is shown in table 3. 
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 Image 1 Image 2 
b,b’ -216 -221 
a,a’ -42 4 
c,c’ 220.0454 221.0362 
l,l’ 0.981615 0.999836 
m,m’ 0.19087 0.018097 
θ (°) 9.966626  
θ 
(rad) 0.17395  
 
Table 3. Section of spreadsheet used to calculate the rotation angle using stars 1 and 2 of the constellation. 
 
The average rotation angle about star 1 was calculated as 11.11°, and when used to 
transform Moon 1 onto image 2 resulted in a shift of 550.2 pixels, which is very close to 
the manual shift of 551.4 pixels. 
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